Abstract-A dark, toxic leachate has been observed around woodpiles of trembling aspen (Populus tremuloides Michx.) cut in winter for pulp or structural lumber. We measured production of leachate from 18 m 3 of harvestable aspen logs stacked in an open field near Dawson Creek, British Columbia, Canada. The logpile began producing leachate during the first winter thaw and continued to do so for the duration of the two-year study (mean, 250 L/collection). Aspen leachate was characterized by dark color, acidic pH (5.0-6.5), elevated conductivity (200-500 S/cm), high to very high biochemical oxygen demand (500-5,000 mg/L) and total organic carbon concentrations (500-2,000 mg/L), variable levels of phenolic compounds (2-27 mg/L), and low dissolved oxygen tensions (Ͻ2 mg/L). In tests with rainbow trout (Oncorhynchus mykiss), Daphnia magna, and luminescent bacteria, the leachate varied from weakly toxic (median lethal concentration, Ͼ10%) to very toxic (median lethal concentration, Ͻ1%). The volume of leachate generated by the logpile was correlated with total precipitation (rain or snow) since the last collection. Loads of chemical constituents or toxicity (lethal concentration ϫ volume) in the leachate did not decline over the duration of the study. Less than 10% of the total mass of leachable material in the aspen logs was removed during two years of exposure.
INTRODUCTION
Logs or wood waste from industry may leach soluble materials into rainwater and snowmelt, which can then enter streams and lakes. In addition to dissolved sugars from the phloem (sap), the wood or bark may contain plant secondary compounds, such as phenols, resin acids, and terpenes. Many of these compounds defend the plant against insects or infections [1] and therefore are toxic to most organisms. As the wood decays, toxic phenolic compounds may be released through the decomposition of lignin [2] . Industries such as pulp and paper manufacturing, as well as government regulatory bodies, have long been aware of potentially harmful leachates from woodyards, waste piles, and landfills [3] [4] [5] [6] [7] , although relatively few reports have been published in the literature [8] [9] [10] [11] [12] [13] [14] .
Wood from trembling aspen (Populus tremuloides Michx.) is increasingly being used for pulp and paper, building materials, and special wood products. Aspen is abundant in the boreal forests of northern Canada [15] , and industrial use of aspen is centered there. Industrial use of aspen is projected to increase further as the potential of new technologies is realized. An estimated 1 to 2 ϫ 10 9 m 3 of merchantable aspen wood are found in mature, nonreserved forest stands throughout Canada [16] .
Whole aspen logs typically are stored in woodpiles for as long as a year after cutting, either in the forest or in woodyards adjacent to the mill or factory. In northern British Columbia, woodpiles of aspen cut in the winter have produced a dark leachate both during and after the spring melt. The leachate typically has a high biochemical oxygen demand (BOD), contains substantial quantities of phenols and other organic com-* To whom correspondence may be addressed (btaylor@stfx.ca).
pounds, and is very toxic to aquatic life. Leachate from aspen chips reduces survival and inhibits growth of tree seedlings and grass [14] . Hence, soils and surface waters near aspen woodpiles may be threatened by aspen-wood leachate.
Taylor et al. [11] undertook a laboratory study to determine the rate and quantity of leaching loss from aspen wood, the chemical composition of the leachate, and the strength and persistence of leachate toxicity. In that study, leachate from aspen wood chips (9:1 w/w ratio of water to wood) was characterized by low pH, high conductivity, and very high BOD, leading to persistent anoxia. The leachate was rich in phenols and organic carbon, and it was lethal to fish and invertebrates at very low concentrations.
The main toxic constituents of aspen leachate appear to be phenolic compounds and substituted benzenes, dominated by benzoic acid and phenol [12] . Taylor et al. [11] found that phenolic compounds were the most abundant identified toxicants in aspen leachate. Toxicity correlated with the total phenols concentration. During the early stages of leachate decomposition, the concentration of phenols and leachate toxicity sharply increased, presumably as phenolic glycosides, the dominant phenolic compound in aspen wood [17, 18] , were cleaved to release free phenols. Concentrations of phenols then declined as decomposition proceeded. Rennie et al. [12] reported comparable results in a second laboratory study.
These laboratory studies described the physical, chemical, and toxicological attributes of aspen leachate and the chemical changes that occur as the leachate ages. However, both laboratory studies used wood chips immersed in water. Production of leachate in the field from whole-wood rounds would depend on the rate and timing of rainfall and snowmelt, penetration of the wood by rainwater, and possible effects of freezing and thawing and therefore cannot be predicted from laboratory Field study of aspen wood leachate Environ. Toxicol. Chem. 22, 2003 2049 results. Field confirmation of the laboratory findings is essential before the risk to aquatic ecosystems from aspen leachate can be assessed. The present study was undertaken to measure production of leachate from aspen logs stacked in the field as they would be at an industrial log-storage site. Our objectives were to determine the mass of material leached from whole aspen wood under natural climate exposure, to assess trends in water chemistry and aquatic toxicity of aspen leachate during the natural aging of the aspen logs, and to relate leachate production to patterns of local rainfall and snowmelt. The final goal of the present study was to identify variables that predict toxicity or dilution of leachate in a water body and, hence, the risk to exposed aquatic life.
MATERIALS AND METHODS

Study site
The aspen logpile was built in an open field near Farmington, in the basin of the Peace River, 25 km northwest of Dawson Creek, British Columbia, Canada (120Њ33ЈW, 55Њ57ЈN). Site elevation is approximately 670 m. The site is in the boreal forest biogeoclimatic zone, at the heart of the aspen-logging region of northeastern British Columbia. The region has a continental climate modified by warm, dry, chinook winds from the Rocky Mountains to the west. Winters are long but variable. Above-zero temperatures occur even during the coldest months. Mean daily temperature in January approaches Ϫ20ЊC, but temperatures below Ϫ30ЊC are common. Mean daily maximum temperatures in July and August are 20 to 22ЊC. The frost-free period is only 80 d, from June to August [19] .
Annual precipitation totals almost 300 mm. Snowfall dominates precipitation from November through April, but frequent melt prevents accumulation of a deep snowpack. On average, measurable precipitation occurs 1 or 2 d per week throughout the year.
Field methods
The field site was a hayfield on gently sloping ground. The nearest trees were more than 50 m distant, and no buildings were present to protect the logs from the weather. The field is not subject to flooding. On November 7, 1991, one standard truckload of healthy aspen trees, all of harvestable age (70-100 years), from a stand near Dawson Creek was felled, limbed, topped, and cut into 2.6-m (8.5-ft.) lengths. The logs were transported to the field site, where they were stacked in two ranks, making a triangular logpile 5.5 m long and 1.5 m high. The logpile comprised 174 aspen logs with a total volume of 17.8 m . A polyethylene tarpaulin beneath the logpile, supported around the perimeter by more logs, created a basin (depth, 40 cm) that captured any runoff from the logpile. Part of the bottom row of logs could be half-submerged when the catchbasin was full.
Beginning on February 2, 1992, rainwater or snowmelt (leachate) accumulating in the catchbasin was decanted into 20-L polyethylene jugs, and the total volume was measured. Samples were collected during and after spring melt and immediately following major rainstorms, but at least one sample was taken each month during the ice-free seasons. Sampling continued until September 30, 1993, a total of just under two years (23.2 months).
On each sampling occasion, the temperature of the air and The remainder was left in the catchbasin so that changes in chemistry and toxicity with time in the field could be assessed. All of the leachate was decanted as usual at the next sampling time.
Laboratory methods
Variables for laboratory analysis were selected based on previous experience with aspen-wood leachate. Color of the leachate was measured as total absorbance color, which measures the color intensity of material in solution (true color) on a relative scale [20] . Two units of total absorbance color equal approximately one color unit on the platinum-cobalt scale. Five-day BOD, chemical oxygen demand (COD), total phenols concentration, and organic and inorganic carbon concentrations were measured according to the method of McQuaker [20] . Quality assurance followed industry standards for organic chemical analysis, including internal standards, blanks, and replicates. On one occasion (October 14, 1992) chemical analysis was repeated on duplicate samples to assess combined sampling and analytical variability. All variables agreed to within 5% except phenols (5.8%) and BOD (11.9%). Biochemical oxygen demand is prone to greater uncertainty than strictly chemical measurements because of its biological component.
Toxicity testing used the bacterial luminescence assay (Microtox; Strategic Diagnostics, Newark, DE, USA) and acute lethality tests with Daphnia magna and rainbow trout (Oncorhynchus mykiss). The bioassays followed standard protocols used by British Columbia Environment (Surrey, BC, Canada). Results are presented as median lethal concentrations (LC50s) or median effective concentrations (EC50s, from the bacterial luminescence test) in terms of percentage dilutions of the leachate. On some occasions, small sample volumes precluded the trout lethality test or permitted only approximate estimates of toxicity.
Statistical analysis
Correlation and linear regression were used to explore temporal patterns of leachate production and relationships among leachate attributes and weather measurements. Most of the variables were not normally distributed, so correlations relied on Spearman's rank correlation method. Ordinary least-squares regression was used to estimate rates of change in leachate parameters with time or to define relationships between constituent concentrations and rainfall. These regressions are valid as descriptions of trends, notwithstanding the nonnormality of the data, but they do not permit parametric comparisons of slopes. Comparisons between different periods, such as between the first and second year of the logpile exposure, used the Wilcoxon sign-rank test, a nonparametric equivalent of the Student's t test. All statistical tests were done using the Statistical Analysis System [21] .
Statistical comparisons of toxicity data presented a problem, because many data from the trout and D. magna lethality tests were missing, approximate, or expressed in nonnumeric forms (e.g., LC50 Ͼ 100%, or LC50 Ͻ 20%). To express all of the toxicity data quantitatively and to linearize the great range of responses, results from all three bioassays were condensed into an index of average toxicity. The results for each test were assigned a rank value from five (LC50 or EC50 Ͻ 1%) to one (LC50 or EC50 ϭ 50-99%). Nontoxic leachate was given a rank of zero.
The ranks for all tests on each sample were averaged to produce an estimate of mean toxicity with a range of zero to five. When a result for one bioassay was missing, the mean of the remaining two assays was used. The toxicity index reverses the inverse relationship between LC50 or EC50 and potency (as EC50 decreases, toxicity increases) and converts the toxicity data to simple units analogous to a chemical concentration.
RESULTS
Weather
Figure 1 displays monthly temperature and precipitation data from the Environment Canada meteorological station at Dawson Creek, 25 km southeast of the field site. Weather during the first year of the study (November 1991 to November 1992) was typical for the region, with midwinter temperatures ranging from zero to Ϫ25ЊC and summer temperatures mostly ranging from 20 to 30ЊC during the day and from 5 to 15ЊC at night. The second winter was unusually severe, with daily lows below Ϫ30ЊC in December and January (Fig. 1) . Typical of the region, however, cold winter weather in both years was interrupted by periods of abrupt warming caused by chinook winds. Mean daily temperatures above zero were reported on 7 d in each of December, January, and February during the first winter and on 7 d in January and February of the second winter. Mean daily temperatures during the first week of November 1991, when the logpile was assembled, ranged from Ϫ7 to Ϫ20ЊC. Presumably, the aspen trees were frozen when they were cut and stacked.
Total annual precipitation during the first year (305 mm) was near the long-term average (Fig. 1) . Snowfall during the second winter was below normal, but the following summer was wet. Rainfall during June and July alone totaled 234 mm, more than two-thirds of the total precipitation in an average year (Fig. 1) . Total precipitation for 1992 was 445 mm. The logpile began to produce leachate sooner than expected. The first samples were collected during a warm period in late February after less than four months of exposure. Leachate was collected in every season for the duration of the experiment whenever above-zero temperatures persisted for at least a few days. An average of 250 L of leachate was collected on each sampling occasion (range, 0 to Ͼ830 L).
Leachate chemistry
Aspen-wood leachate was characterized by the following chemical features: Acidic pH (5.0-6.5), conductivity of 200 to 500 S/cm, BOD of 500 to 5,000 mg/L, and dissolved oxygen tension of less than 2 mg/L. Most chemical measurements varied widely from one sample to the next. The pH of the leachate varied between 5 and 7 in all but the last two samples. Conductivity reached 500 S/cm by the third sample and thereafter oscillated from approximately 400 to approximately 700 S/cm, with no clear trend through time.
In laboratory experiments, leachate color deepened from amber to black as it aged [11] . Leachate in the field experiment usually was conspicuously colored, but total color varied erratically from one sample to the next (Fig. 2a) . The ratio of total color to total organic carbon (TOC) concentration describes the leachate color per unit of organic carbon. The color: TOC ratio increased steadily through the first year, declined sharply during the second winter, and then increased again until the end of the study (Fig. 2b) . Regression analysis revealed a linear increase in color:TOC ratio over both years (r 2 ϭ 0.492, p Ͻ 0.01, n ϭ 24), especially when one extreme datum in the second year (Fig. 2b) was omitted (r 2 ϭ 0.676, p Ͻ 0.01, n ϭ 23). Hence, irrespective of changes in TOC concentration, the organic compounds in the leachate became more highly colored over time.
Dissolved oxygen measurements were too irregular to describe any temporal trends. On all 17 occasions when it was measured in the field, the dissolved oxygen concentration was less than 2 mg/L and was usually less than 1 mg/L. The TOC concentrations peaked at greater than 2,000 mg/L during March of the first year, then declined steadily (Fig. 3a) . Heavy rainfall in the summer of 1993 produced a small increase in TOC but only temporarily interrupted the downward trend. Over the full two years, the TOC concentration was negatively correlated with time in the field (r s ϭ Ϫ0.630, p Ͻ 0.01, n ϭ 24); nevertheless, TOC concentrations were still greater than 300 mg/L in the last samples (Fig. 3a) .
Both BOD and COD reiterated the temporal pattern of TOC (Fig. 3b) . A maximum BOD of 5,000 mg/L was observed during the first spring. Biochemical oxygen demand declined significantly thereafter (r s ϭ Ϫ0.747, p Ͻ 0.01, n ϭ 24) to less than 1,000 mg/L after the first year and to less than 200 mg/L by the end of the study. These high oxygen demands are expected given the mass of labile organic matter in the leachate (Fig. 3a) , and they also account for the consistently low dissolved oxygen concentrations. The BOD constituted as much as 80% of COD during the first-year peak but declined to less than 30% of COD by the end of the study (Fig. 3b) . A linear regression of BOD:COD ratio against time accounted for more than 50% of the variance in the BOD:COD ratio (r With one exception, concentrations of phenols in the leachate increased steadily through the first eight collections to a peak of 27 mg/L in June 1992 (Fig. 3c) . The maximum phenol concentration occurred three months later than the peaks in BOD (Fig. 3b) and TOC concentration (Fig. 3a) . Thereafter, phenols concentration declined swiftly and remained below 5 mg/L through the second year of the study (Fig. 3c) .
Leachate toxicity
The bacterial luminescence (Microtox) test indicated that aspen leachate was severely toxic throughout most of the field study. With the exception of a sample taken in February 1993 (15 months), Microtox EC50s were less than 10% of fullstrength leachate and more often approached 1% (Fig. 4a) . Toxicity ameliorated slightly during the second year compared with the first, but by the end of the study, the EC50 was still less than 10% (Fig. 4a) .
The D. magna lethality assay (Fig. 4b ) produced a more pronounced trend. Leachate produced during the spring of 1992 was extremely toxic, with LC50s of less than 1%. By the second February (15 months), the LC50 was an order of magnitude greater. After a brief decline during the second spring, LC50s again increased. The last samples were toxic only at concentrations approaching full strength (Fig. 4b) .
Acute toxicity to rainbow trout followed much the same trend as that for D. magna. The first leachate in the spring of 1992 was very toxic: LC50s were 5 to 10% of full strength. Toxicity declined in later samples, and by the end of the first year, the leachate was nonlethal (Fig. 4c) . Moderate toxicity returned during the second spring, but again, the last sample was nontoxic.
General trends in the toxicity of the leachate, considering all three bioassays, are summarized by the toxicity index in Figure 4d . A consistent decline in toxicity of the leachate is apparent over the two-year study (r 2 ϭ 0.647, p Ͻ 0.01, n ϭ 21). 
Relationships among chemical and toxicological variables
Spearman's rank correlations were used to explore the relationships among the various chemical descriptors of the leachate (Table 1) . Only phenols concentration and toxicity were correlated with volume. For both variables, the relationship is weak and negative. The pH was negatively correlated with all variables measuring organic matter content and with toxicity (Table 1) . A substantial proportion of the organic matter in leachate is probably organic acids, including phenolics, which are in large part responsible for the pH of the solution. The toxicity of phenols is greater at lower pH [22, 23] .
Specific conductance was moderately well correlated with BOD, COD, and TOC (Table 1) , as we expected, because some of the dissolved organic matter was in the form of ions. Conductivity, however, was not a good predictor of phenols content or of toxicity. Color was nearly useless as an indicator of composition or toxicity of aspen leachate (Table 1) . Biochemical oxygen demand, COD, and TOC are all highly intercorrelated, with rank correlation coefficients greater than 0.9 (Table 1). All three variables are apparently indicative of the mass of soluble organic matter in the leachate.
Correlations between phenols concentration and other variables were all surprisingly weak ( Table 1 ). The weak association between phenols content and toxicity index and BOD or TOC strongly suggests that other organic constituents are responsible for much of the leachate toxicity. Moreover, the significant, albeit weak, correlation of leachate volume with phenols concentration, but not with BOD, COD, or TOC, suggests that the phenols derive from a different source in the tree (e.g., heartwood) compared with the bulk of the soluble organic matter.
It would be useful if the toxicity of fresh leachate could be predicted from its chemical composition. Based on optimizing r 2 and the distribution of the residuals [21] , a regression on pH and BOD is the best predictor of the toxicity index (r 2 ϭ 0.688, p Ͻ 0.01, n ϭ 21). Hence, toxicity of leachate in the field can be estimated with reasonable accuracy from its pH and BOD. Either TOC or COD could be used instead of BOD because of the very high correlations among them.
Effect of storing leachate
On two occasions, some leachate was left in the catchbasin for more than a week while 20-L samples were taken periodically to follow changes in chemistry and toxicity. A total of 7.4 mm of rainfall was reported at Dawson Creek during the first sequence and 3.8 mm during the second sequence. Too few data are available to allow statistical comparisons, but the dynamic nature of the leachate is apparent (Table 2) . Both samples were acidic, but the pH rose quickly, especially in the second sequence. Conductivity also increased, presumably indicating the release of organic ions by incomplete decomposition of organic constituents [11] . The concentration of phenols increased as well, more than doubling in the second sequence.
In both samples, BOD was 800 mg/L or greater, but the decline over the 10 to 12 d of exposure suggests that the BOD arose from very labile substances. Given the strong oxygen demand, the samples remained essentially anoxic (Table 2) . Neither COD nor TOC showed any significant decline, despite the changes in BOD, and, in fact, increased in the second sequence. This pattern is consistent with simple organic compounds being polymerized into stable humic and fulvic acids, as observed in laboratory tests [11, 12] . 
Weather and leachate production
During the first spring (1992), the volume of leachate collected on each sampling occasion declined from approximately 100 to less than 10 L as the spring melt progressed; much larger volumes were produced later in the year, following the summer and autumn rains (Fig. 5) . During the second year, leachate volumes in February and March were similar to or greater than volumes collected in the first spring. The largest volumes were produced during the summer of 1993, when individual collections yielded 400 to 800 L of leachate (Fig.  5) . Leachate volume was significantly greater (p Ͻ 0.05) in 1993 than in 1992.
As expected, the volume of leachate in any given sample was correlated with the amount of precipitation since the previous collection (r s ϭ 0.668, p Ͻ 0.01, n ϭ 24). Rainstorms, not spring melt, produced the largest volumes of aspen leachate (Fig. 5) . Regressions of BOD, the best indicator for the biological potency of leachate, against time were never improved by including spring melt as an additional term.
Mass of leachable material and persistence of leachate production
The toxicity, BOD, and concentrations of phenols and organic carbon in aspen leachate all declined with time after reaching a peak in the first spring (Figs. 3 and 4) or summer (phenols). However, total precipitation increased with time during the study (r s ϭ 0.558), as did leachate volume (r s ϭ 0.409, p Ͻ 0.05). Hence, the total mass of constituents released into aspen leachate per unit of time may be approximately constant if increasing volumes compensate for declining concentrations.
The total mass of soluble material (load) in each leachate sample was calculated as concentration ϫ volume (Fig. 6a-c) . The load of toxic material was similarly estimated by multiplying the toxicity index by volume (Fig. 6d) . Across the two-year study, loads of chemical constituents and toxicity did not decline. Whereas BOD, TOC, phenols concentration, and toxicity index were all significantly greater during the first year compared with the second (Wilcoxon test, p Ͻ 0.01 for all tests), none of these differences are significant when ex- pressed as loads (p Ͼ 0.10). Therefore, the declining concentrations of constituents during the second year were largely a result of greater dilution. The total amount of potentially soluble material in the logpile can be estimated from the volume of wood and estimates of leaching losses given by Taylor et al. [11] . Using these data, we calculated that the aspen logpile contained 100 to 140 kg of leachable material. The total mass actually leached can be estimated as the load (concentration ϫ volume) of TOC and total inorganic carbon for each collection summed across the entire study period and then multiplied by two to convert carbon to organic matter. The estimated loss is 7.7 kg. A second estimate is possible using the approximate relationship that total dissolved solids (mg/L) equals half the conductivity value (S/cm) [24] and assuming that all dissolved solids in the aspen leachate are derived from the wood. This approach yields a comparable estimate, 5.4 kg. Thus, approximately 5 to 8 kg, or 3 to 8%, of the total mass of leachable material in the aspen logs was removed during two years of exposure to the weather. Even if the total leachable mass is overestimated (the estimate is based on wood chips), the supply of leachable material is unlikely to be exhausted even after several years of exposure.
DISCUSSION
This study demonstrates that intact aspen logs exposed to natural conditions of temperature and precipitation generate large quantities of toxic leachate. An average of 250 L of leachate was produced on each collection following rainstorms or snowmelt. The leachate varied from weakly toxic (mean EC50 or LC50 Ͼ 10%) to very toxic (mean EC50 or LC50 Ͻ 1%). Leachate was produced in every season for two years and was chemically and toxicologically similar to that produced from wood chips in the laboratory. The field study therefore confirms the laboratory results of Taylor et al. [11] , and it demonstrates that industrial aspen woodpiles exposed to the elements may present a hazard to aquatic biota unless steps are taken to control runoff from the site.
Taylor et al. generated artificial leachate in the laboratory using chipped whole wood rounds immersed in water for 35 d. That approach was designed to produce a maximum estimate of potential leaching losses. Nevertheless, the composition of field-generated leachate was very similar to that of fresh leachate generated in the laboratory (Table 3) . Most of the leachate from the field seemed to be a more-dilute version of the lab- oratory leachate, but the maximum concentrations rivaled those produced from wood chips. All of the maxima in the field, however, did not occur at the same time.
Field-generated leachate was never as acidic as the leachate produced in the laboratory, even when the concentrations of organic matter were similar, and conductivity was always lower (Table 3 ). The leachate collected from the logpile would have been generated continually during the interval since the last collection. It therefore contained a mixture of leachates of slightly different ages and stages of decomposition. This was amply demonstrated on February 28, 1992 , the second collection of the study. The leachate in the catchbasin then consisted of a clear, dilute surface layer over a denser, darker layer. The catchbasin had been emptied 2 d earlier.
Aspen-wood leachate is very toxic to aquatic biota. Field results agreed with laboratory tests showing that the bacterial luminescence assay was most sensitive to aspen leachate and that the rainbow trout lethality test was the least sensitive, with the D. magna lethality test in between. The true potency of the leachate was probably underestimated by the trout test, because the high BOD of the leachate necessitated aeration of the samples during the test. Aeration relieved the low-oxygen stress and also raised pH by 0.5 to 1.5 units. Many polar organic compounds, notably phenols, are markedly less toxic at higher pH [22, 25] . In two tests, lines pumping air to the buckets failed; death of all the test fish rapidly ensued.
The toxicity of the leachate declined slowly over the two years during which the logpile was sampled. The lower toxicity in later samples, however, was mostly the result of greater rainfall producing larger volumes of more dilute leachate; the total mass of toxic material in leachate showed no decline with time. Concerns about toxicity from aspen leachate thus should not be restricted to the first spring or even to the first year after harvesting: A different weather pattern might have produced more acutely toxic leachate during the second year, and the total toxicity load is the crucial issue for protection of aquatic ecosystems.
Aspen leachate is characterized by concentrations of phenols in the milligrams-per-liter range. Nevertheless, other constituents appear to be important contributors to toxicity in the field. The leachate was often toxic when total phenols concentration was less than the 5-to 10-mg/L threshold above which acute toxicity would be expected from this group [22] . Moreover, the temporal pattern of phenols concentration in leachate does not coincide with the pattern for TOC generally. The leachate contains many other organic compounds, some of which probably contribute to the toxicity of the mixture. Aerobic decay of phenols could itself augment toxicity through the formation of quinones, which may be as much as 1,000-fold more toxic than the parent phenol [23, 26] . Quinones were not among the dominant organic compounds in leachate generated in the laboratory [11] , but conditions in that study were less conducive to aeration than those in the field.
Rain and melting snow appear to be equipotent at generating leachate from aspen logs. The critical factor controlling leachate production evidently is the volume of precipitation falling on the logs, regardless of the season or the temperature. No effect of freezing of the wood during winter was discernable, and no evidence that the spring thaw produced more, or more potent, leachate was found. A small, initial flush of very concentrated leachate occurred during March of the first year, but rainfall later in the season produced much larger amounts of only slightly more dilute leachate. The spring flush appears to be a consequence of the first exposure of the logs to liquid water rather than a seasonal effect.
The temporal pattern of phenols concentration in aspen leachate differed from that of TOC or BOD. The maximum concentration of phenols occurred during June and July 1992; TOC peaked in March 1992 (see Fig. 3b and d) . Phenols in aspen bark are bound to sugars to prevent harm to the tree [17] . Free phenol does occur in the heartwood, however, where tree cells are nonvital, so autotoxicity is not a problem [27, 28] . Thus, the early peak in TOC concentrations could be caused by elution of soluble constituents in bark and sapwood, whereas efficient removal of phenols required prolonged precipitation that penetrated to deeper tissues. An alternative explanation is that phenols were gradually released through microbial cleavage of the sugar-phenol bond in phenolic glycosides.
Trends in color and the ratio of BOD to TOC provide further evidence of a change in leachate quality over time. The initial flush of organic carbon consisted of labile compounds, leading to a large 5-d BOD. The color contribution per gram of these compounds was low. During the course of the study, the ratio of BOD to TOC declined, indicating a gradual shift toward more stable, highly colored, polymerized compounds. Presumably, microbial activity within the logs reduced the supply of labile compounds as the logs aged. Even after two years, however, this reduction was not sufficient to reduce the load of toxic material leached from the logs.
Leachate aged in the tarp for 10 d underwent physicochemical changes like those observed in the laboratory [11] . Conductivity and pH increased, BOD declined, and concentrations of phenols increased. These changes are too large to be ascribed to additional leaching from the small amounts of rain during the interval. Increases in phenols concentration during decay of aspen leachate were observed in the laboratory [11] and were attributed to the release of phenols from phenolic glycosides or microbial decomposition of p-hydroxybenzoic acid, which is also found in aspen wood [27] .
The changes in chemical composition discussed above have important implications for treating leachate from aspen logpiles. The dynamic nature of the leachate and, in particular, the rapidity with which BOD and pH change suggest that detaining leachate in holding ponds for a few days may prevent release of acutely toxic material. If the detention time is too brief, however, the concentration of toxic phenolics in the leachate may be greater than it was originally. Moreover, the aerobic, moderately alkaline conditions expected in a detention pond could stimulate formation of quinones, which can be toxic at concentrations of micrograms per liter [26] . The efficacy of detention as a control strategy for aspen leachate needs to be examined.
Our calculations indicate that less than 10% of the leachable material in aspen logs had been removed after 23 months in the field. The calculations are approximate, and soluble matter in deeper tissues might never be removed. Nonetheless, the logs clearly could generate leachate indefinitely. Management of aspen woodpiles should assume that toxic leachate may be produced any time the logs are exposed to the weather, even over several years.
